Abstract-Two-thirds of the overall primary energy in the world is consumed in cities, resulting in 71 percent of all energy related greenhouse gas emissions. There are many ongoing initiatives to develop strategies to lower the high amount of emissions at the level of cities. However, energy planners face problems that are related to the complexity of the urban energy systems, encapsulating the components of the city together with their properties and interactions that are relevant to the planning process. The complexity of the problem increases given the unavailability of data and their multiple levels of detail (LOD). Therefore, there is a need for adequate tools to support the development of integrated energy strategies, defining specific quantifiable CO 2 reduction measures to be implemented at the city level. In this research, we perform an analysis of urban energy planning processes. Then, we extract the general requirements of decision support in this discipline. Then, we perform a general data availability review in cities. This process results in formalizing a modular methodology for the development of urban energy planning support software. This methodology is specific to urban energy planning, it ensures the modularity of the development process, it leads to flexible software that operates under different available LODs of data, and it addresses the problem of data availability at the development stage.
INTRODUCTION
Most of CO 2 emissions come from cities where two-thirds of the overall primary energy is consumed [1] and that results in 71% of energy-related direct greenhouse gas emissions [2] . To remedy this situation, given the complexity of cities, it is important to develop integrated strategies that state which CO 2 -reduction measures are to be implemented. This requires a quantitative assessment of the impact of such strategies on the city in terms of indicators, such as the amount of the reduced CO 2 emissions and the associated costs to the implementation of the strategies. Accordingly, there is a need for adequate computer tools that model the complexity of urban energy systems (UES) and run calculations to produce output that supports urban energy planners, at an early stage where less information is available to use simulation tools. Currently, the developed energy strategies mainly lack for information integration and the consideration of the interactions of all the concerned stakeholders.
As a state-of-the-art overview, there exists a variety of tools [3] , [4] , [5] , [6] , [7] that support urban energy planning processes in different aspects. A more comprehensive review of such tools can be found in [8] . These tools differ from the energy planning support software that our methodology targets in the sense that they do not meet all the following criteria at once: (i) proposing a set of CO 2 -reduction measures that the user can select; (ii) inviting a variety of different stakeholders in the development of energy strategies; (iii) considering the impact of different CO 2 -reduction measures on each other in the assessment of energy strategies; (iv) flexibility of use given the available LODs of data in different cities. The importance of these main requirements in urban energy planning support software is explained in further details in Section III.
Concerning methodologies to develop such urban energy planning support software, there is less available literature. The methodologies range from general, such as agile software development methodologies [9] or agent based modeling methodologies [10] , to more specific to the domain of our interest, such as applying agent based modeling to sociotechnical systems [11] . The general methods are too broad, not giving a clear guidance on the specific tasks to be achieved. The other methods are more specific to urban energy planning software; however, the scope of their target software is different from the one we discuss in this research. Other methodologies, such as the one adopted in SEMANCO [12] , intersect with this research in the sense that it is based on using ontologies for information integration. However, the development approach in SEMANCO is different since it is based on case studies of three different cities to identify the scope and requirements of what they call carbon reduction tools in urban planning. Whereas the methodology in this paper is use-case oriented (each use case represents a specific CO 2 -reduction measure), it supports a specific urban energy planning process [13] , and puts a special emphasis on the modularity of the development process.
We summarize the problems we are solving in this research in the following points: (i) Modeling the complexity of UES that contain a large number of components and interactions. (ii) Coping with the problem of LODs of data and data availability in cities. (iii) Defining integrated calculation methods for the assessment of the impact of energy strategies.
This article defines a modular methodology to develop an urban energy planning support tool. In Section II, urban energy planning processes are discussed. In Section III, aligned with the findings in Section II, the general requirements that need to be present in an urban energy planning support software are extracted. In Section IV, data availability and the LODs of data in different cities are discussed. In Section V, a methodology to develop urban energy planning support software is presented.
II. THE URBAN ENERGY PLANNING PROCESS
We refer with urban energy planning to the processes that result into developing energy strategies, where it is stated which CO 2 -reduction-measures to implement, in what quantities, and at what time horizon, with the objective to reduce CO 2 emissions at the level of a city. In this text, the terms measures and CO 2 reduction measures are interchangeably used.
There are many urban energy planning processes that are implemented worldwide, depending on the specificities of their contexts. In this research, we focus on the sustainable energy action plan (SEAP) process [13] . It is a reference process in Europe (by February 2013, it had been adopted by 4332 signatories [14] ). It is a flexible process, not bounded to any specific regulations, and it considers the planning process within its global context.
The main components of the SEAP process are phases, steps, resources, actors and their roles. We illustrate the structure of the SEAP process through its meta-model that we have derived, as shown in Fig. 1 . The process is structured in four phases: initiation, planning, implementation, and finally monitoring & reporting. Each phase is composed of a number of steps, each of which requires resources and involves a certain number of actors.
The part of the SEAP process belonging to the scope of our interest is the planning phase, as it results in the development of an energy strategy, and requires computational support. The planning phase starts by an assessment of the current situation of the city, which leads to a CO 2 emissions' inventory that shows the different sources of energy and their breakdown over the main sectors (e.g. buildings, transport, industry, etc). Then, a vision is established in terms of quantifiable objectives that the city aims to reach, such as a certain percentage of CO 2 emissions' reduction. Finally, an energy strategy is defined based on the current situation of the city in order to reach the targets that are defined in the vision. Fig. 2 presents the structure and the main constituting blocks of the energy strategies that are developed within the planning phase of the SEAP process. An energy strategy is composed of a set of measures, i.e. quantifiable actions with a certain potential to reduce the CO 2 emissions at the level of the city. Each measure is bound to an implementation sequence, which states what quantity of the measure is to be implemented at what time horizon. For example, installing solar photovoltaic (PV) modules on buildings is a measure. It can have an implementation sequence of 100,000 m 2 each decade from 2020 until 2050. The implementation of an energy strategy results in an impact on the city that is measured through a predefined set of key performance indicators (KPIs), such as CO 2 emissions and costs. The evaluation of a strategy is achieved by comparing its resulting KPIs against its objectives defined in the vision phase. In this section, the main requirements of an urban energy planning support software are derived, based on findings of the previous section. The focus is to capture the main requirements that enable developing an energy strategy as described in Fig. 2 , taking into consideration the constraints of the process we illustrate in Fig. 1 .
A. Diversity of Actors
Developing an energy strategy requires the collaboration of several actors from different fields of expertise, as shown in Fig. 1 . The actors that take part in this process have different views of the problem and expect a support that is specific to their point of view. The planning support software is supposed to be usable by all the actors and explicitly implement their points of view.
B. Input Flexibility
Information and data collection is of a special interest in the SEAP process, where data and information are considered to be resources that ensure the success of the process. Some actors within the process may have dedicated roles as data/information providers. Cities have no common standards in terms of data availability. Thus, available data may differ from one city to another. The target planning support software discussed in this research must therefore be flexible in terms of data input. It shall be used in different LODs depending on the context where it is used. We address the data availability problem and LODs of data in more details in the next section.
C. Measures Integration and Resources Negociation
The assessment of the impact of an energy strategy depends on the integrated assessment of the impacts of its constituting measures. Indeed measures impact on each other and this needs to be considered when assessing the overall performance of an energy strategy ( Fig. 2 highlights that we are interested in an assessment at the strategy level, not at the level of single measures). Measures can impact on each other in a causal way, e.g. introducing electric vehicles will increase electricity demand, reducing the production of waste will also reduce the energy available from incineration, introducing a large amount of PV will require interventions on the local electricity grid. On the other, hand measures can compete over limited available resources, e.g. PV modules and solar thermal collectors will compete for a limited available roof area.
D. Quantifiability of the Impact of Strategies and Alignment With Objectives
The assessment of the impact of energy strategies shall be quantifiable and comparable to predefined objectives. Fig. 2 shows that an energy strategy implements objectives that are defined prior to the beginning of this activity. Therefore, the assessment of all measures shall obey to a common output format that is comparable to the predefined objectives. We note that each measure can also have an additional output that is specific to its context and that addresses particular needs of the actors that it involves.
IV. DATA AVAILABILITY AND LEVELS OF DETAIL
This research considers data from seven different cities: Vienna, Linz, Amstetten and Nanchang, in the context of smart city projects [15] where we collected data to develop energy strategies. Moreover, we have used a publically available report on accessible energy data, by SEMANCO [16] , from North Harbour (Copenhagen), Newcastle-uponTyne and Manresa.
In the case of Vienna, Linz, Amstetten, and Nanchang, the collected data is categorized into two groups: city CO 2 emissions' inventory related data [13] , and measure-related data. The inventory data are mainly energy consumption and supply data, their breakdown per sector, and other data that take part in the calculations of the carbon footprint of the city. The availability of these data is correlated to the granularity of their breakdown, i.e. the smaller the granularity is, the harder it is to obtain the data. For example, it is easier to find energy consumption data at the level of the city than a specific building. The measure-related data are relatively less available, as they are directly used in calculations, where it is required to have higher LODs of data that need to be more accurate and consistent with the rest of data.
Concerning the data availability analysis conducted by SEMANCO on North Harbour (Copenhagen), Newcastleupon-Tyne, and Manresa [16] , data have been collected for all the three cities and categorized in eleven groups. An evaluation of the availability, reliability, relevance, and other Based on the data analysis of the considered cities, we conclude that: (i) data availability is different from a city to another. TABLE I. shows the number of parameters in the data collection that has been performed by SEMANCO for North Harbour, Newcastle-upon-Tyne, and Manresa as well as the percentage of similarities among the parameters of each of these cities and the two remaining ones. In the case of Vienna, Linz, Amstetten, and Nanchang, there was an attempt to collect data to feed a specific tool (227 CO 2 emissions inventory-related parameters and 44 are measure-related ones). The data collection in the latter did not lead to obtaining the same data for all of these cities. Assumptions were made to compensate for the scarcity of data. (ii) Developing detailed energy strategies is directly related to the LOD of the available data. Low LODs of data lead to a broader, less-specific energy strategy. In other cases, assumptions about data have to be made, therefore, the accuracy of the energy strategies depends on the accuracy of the assumptions. (iii) The availability of data is influenced by their LODs. The higher the LOD is, the less available is the data.
Within the analyzed data, we can distinguish two main dimensions in the LOD of data that are critical to the calculations of the impact of the energy strategies. The first dimension is related to the LOD of data in space. Energy strategies comprise a number of measures that are implemented in a spatial context, e.g. installing solar PV requires spatial data, such as the solar radiation and the orientation of roofs. The second dimension is related to the LOD of data in time. This LOD defines the precision of data with regard to its temporal distribution. Using the same example of solar PV, we notice that the solar radiation is not only related to space but also to time. The solar radiation of a roof can be an annual value or more detailed in the form of a daily profile.
Within the analyzed data collection, we have classified the LODs of data as shown in We note that the list of the extracted LODs of data is not an exhaustive one. The findings in TABLE II. are based only on the data we have considered in this research, including Vienna, Linz, Amstetten, Nanchang, North Harbour (Copenhagen), Newcastle, and Manersa. We also note that the data collection for the four first cities was driven by the data requirements of a decision support tool that has been developed in the context of Smart Cities -FIT for SET [15] . Therefore, the data that we considered in this review is not an exhaustive collection. Accordingly, more LODs may be extracted if more data is considered.
It is also important to mention that not all data can be classified in terms of these LODs. There are data that are space and/or time independent. For example, the CO 2 emissions factors of fuels are not related to any LODs in space nor in time. Data availability, including LODs of data, conditions the process of developing energy strategies. Therefore, the software that supports urban energy planning is affected as well by this problem and it shall take data availability and LODs of data into consideration, as we have discussed in the previous section.
V. A MODULAR METHODOLOGY FOR THE DEVELOPMENT
OF ENERGY PLANNING SUPPORT SOFTWARE We present in this section a modular methodology for the development of urban energy planning support software, aligned with the findings in the previous sections. This methodology is structured in five iterative phases, each of which has an objective, an iteration granularity, a set of activities, and involved actors (excluding developers). We present below the different phases of the methodology in their sequential order, where an iteration of a phase can start only if at least one iteration of the previous phase is complete.
A. Scoping Phase
The objective of this phase is to determine the scope of the decision support software in terms of measures it provides support for. Each measure is further detailed to define its number of perspectives, which is defined by the number of actors that are affected by the potential application of the measure. The granularity of an iteration within this phase is measure-based i.e. the activities of this phase can be iteratively conducted measure by measure. The activities of the scoping phase are listed below, in a sequential order:
• A1: Define the measure to be implemented • A4: List the main questions that different actors raise in each of the roles they play
• A5: Break the questions down into quantifiable subquestions
B. Data Modeling Phase
The objective of the data modeling phase is to formalize the semantics of the UES that is within the scope of interest defined in the previous phase. The granularity of the iterations in this phase is related to the main questions that are defined in Activity A4. Iterations within this phase can be conducted on each single main question, before it is broken down to subquestions. The involved actors are (i) the same ones that specifically asked the questions in the previous phase, (ii) any stakeholders that play the role of data providers, and (iii) domain experts that are able to provide calculation methods to reach the expected answers for the sub-questions in Activity A5. The activities that are conducted in this phase are the following:
• B1: Define the expected output/answers to the questions breakdown (defined in A5 )
• B2: Define calculation methodologies to reach the expected output
• B3: Extract semantics from the questions, output, and calculation methodologies
• B4: Extract time/space LODs from the semantics
• B5: Data availability check for potential re-use of existing ontologies/data models
• B6: Classify the semantics into their corresponding hierarchies, LODs, and properties
• B7: Formalize the semantics into an ontology.
C. Interactions Modeling Phase
The objective of this phase is to integrate the different calculations that are triggered to calculate outputs for different questions and to ensure that they are consistent with regard to each other. The granularity of the iterations in this phase is related to the main questions that are defined in activity A4. The actors that participate in the interactions modeling phase are mainly the domain experts that defined the calculation methods in Activity B2. The sequence of activities that are required in this phase goes in the following order:
• C1: Extract the list of the physical components and their properties
• C2: Define the interactions between all the modeled physical components
• C3: Check for circular dependencies, where an interaction loops back to the initial trigger
• C4: Define the interaction protocols
• C5: Adjust calculation methods to integrate the interaction protocols
• C6: Formalize the component interactions and interaction protocols and integrate them into the ontology (formalized in activity B7). Fig. 3 summarizes the elements that are captured in the interactions modeling phase and indicates how an interaction is related to calculation methods.
D. Decisions Modeling Phase
The objective of the decision modeling phase is to capture the knowledge of decision makers regarding the interpretation of the output we define in activity B1. The granularity of iterations in this phase is related to the main questions we define in Activity A4. The actors involved in this phase are those that define the questions of Activity A4. They are decision makers that have the required knowledge to interpret the output we define in Activity B1 and make decisions accordingly. The following activities take place in each iteration within the decision modeling phase:
• D1: Define the output ranges 
E. Software Development Phase
The objective of this phase is to implement an application layer that exploits the ontology formalized in the previous phases. The actors that are involved in the software development phase are the users of the targeted decision support software i.e. actors that have formalized the questions in Activity A4. The granularity of iterations in this phase is also related to questions defined in Activity A4. The sequence of activities in this phase is the following:
• E1: Define use cases of the planning support software TABLE III . summarizes the main phases of the developed methodology. We also list the main artifacts that are produced in each phase and specify which of them are prerequisites for which phase. We note that an iteration of a phase can start only when one iteration of the previous phase is complete.
VI. DISCUSSION AND CONCLUSION
The presented methodology addresses the specific problems that developers face in the field of urban energy planning. This issue has been considered in this methodology by adopting a widely used energy planning process ( the SEAP process [13] ) as a basis. We have derived a meta-model from the SEAP process to extract the general requirements that an urban energy planning support software shall meet. This methodology takes four main requirements into consideration. (i) The diversity of actors is considered in by identifying actors at the scoping phase, which allows designing software that can be used from different perspectives. We structure the development process in terms of questions (perspectives of different users) that are gradually implemented. (ii) Input flexibility is considered in the methodology at the data modeling phase. Several calculation methods that require data with different LODs are captured. A mapping between question, LODs of data, calculation methods and output is made. It is thereby transparent which questions can be answered, what output is produced as an answer to these questions, using which calculation methods. (iii) Measures integration and resources negotiation is considered in the interactions modeling phase. An interaction matrix for the whole UES is developed to integrate the different calculation methods that are considered within the system. (iv) The quantifiability of the impact of strategies and alignment with objectives is considered in the scoping, data modeling, and software development phases. During the scoping phase, an iteration is completed only once a list of quantifiable subquestions is obtained. In the data modeling phase, several calculation methods are defined to reach a quantifiable output in the case of low data availability in higher LODs. In the software development phase, use case specifications model the workflow of events, double-checking that the output of events are compared to objectives. This methodology is structured in such a modular way in order to cope with the size of the problem to be is modeled. The integrated scoping phase within the methodology allows high flexibility in terms of development efforts. A working software can be obtained earlier, with the possibility to enlarge the scope later on, i.e. it is possible to use this methodology to design an urban energy planning support software that considers fewer measures at the beginning and gradually expands to include more measures.
As future work, we plan to use this methodology to develop an urban energy planning support tool that considers solar PV and building refurbishment. It will allow us to test and refine the methodology based on the lessons learned.
